og : 00-2 I : 00) than during the environmental dark period (EDP : 2 I : oo-og : 00). "Spot checks" of the metabolism of rat metaphyseal bone chips were made at the hours when the in vivo differences were most marked. The cells in bone incubated in vitro during the ELP (1000) exhibited a significantly greater uptake of glycine-1 -C14, RNA concentrations, and rate of collagen formation than cells incubated during the EDP (0300). Cell DNA concentrations were constant at these hours. Cell lactate production (tibias) and calcium concentrations in the incubation medium (femurs-tibias) were also higher at IO :oo --the hour of peak osteoclast frequency in histologic preparations.
1966. -Studies of the metabolism of bone cells in the metaphyses of the rat femur (distal) and tibia (proximal) have established that collagen synthesis and new bone formation is diurnally regulated. Significantly greater amounts of glycine-Q-Cl4 were initially incorporated by osteogenic cells in vivo during the environmental light period (ELP: og : 00-2 I : 00) than during the environmental dark period (EDP : 2 I : oo-og : 00). "Spot checks" of the metabolism of rat metaphyseal bone chips were made at the hours when the in vivo differences were most marked. The cells in bone incubated in vitro during the ELP (1000) exhibited a significantly greater uptake of glycine-1 -C14, RNA concentrations, and rate of collagen formation than cells incubated during the EDP (0300). Cell DNA concentrations were constant at these hours. Cell lactate production (tibias) and calcium concentrations in the incubation medium (femurs-tibias) were also higher at IO :oo --the hour of peak osteoclast frequency in histologic preparations.
It was concluded that the period of most intense metaphyseal bone remodeling in rats occurred early during the ELP. bone physiology; osteoblast-bone formation; osteoclast-bone resorption; calcium metabolism; nucleic acids; lactic acid T HE PROCESSES INVOLVED in cell proliferation and cell function exhibit maximum and minimum hours of activity within a single 24-hr period in many tissues. The duration of these oscillations, which appear to be under the integrative control of endogenous pacemakers (I 3), may be entrained or regulated to 24 hr by the light cycle. Several studies indicated that the mitotic activity of chondrocytes in the growth cartilages from the long bones of mice (29) and rats (31) varies diurnally. sis and mucopolysaccharide formation in cartilage cells. However, a detailed study of bone by these methods failed to reveal similar changes (30, 32) .
This paper describes experiments designed in part to detect daily variation in the functional activity of bone cells by the use of radioglycine as an index of collagen synthesis. In view of definitive evidence that it is principally the osteoblast that incorporates radioglycine immediately after administration and that it is secreted from the cells as part of newly formed collagen (7, 3g), several questions could be raised. Could variations in the amount of radioglycine concentrated by osteoblasts and the rate of collagen formation be shown to occur within a 24-hr period? If bone resorption is diurnally regulated, are there alternating and compensatory phases of bone formation and resorption, or do these processes progress simultaneously?
Moreover, it was hoped that through such coincident periodic measurements, interrelationships between the processes of bone formation and resorption might be revealed which were either unsuspected or had been realized heretofore only after abnormally exaggerating these events by experimental techniques.
METHODS
In Vi,, Studies Twenty-two albino rats (Sprague-Dawley), 45-50 g body wt, were singly housed and maintained for 2 weeks at a photoperiod of I 2 hr (0900-2 IOO) alternating with I 2 hr of darkness (2 roe-ogoo), and at a temperature of 73-75 F. Food and water were supplied ad lib. and intentional disturbance was limited as far as possible to ogoo-0930, when the cages were attended. The animals were weighed at 24 hr prior to experimentation and groups were established according to their weight gain performance during the 2-weeks conditioning period.
Groups of three to four rats (I 50-170 g) were injected intravenously with 35 PC glycine-2-Cl4 (specific activity = I 4 mc/mmole; Volk Radiochemical Corp.) in 0.2 ml distilled water at 4-hr intervals during a 24-hr period to gain a detailed picture of cellular activity. The experiment was begun at ogoo. The animals were sacri- liced an hour after injection by asphyxiation, and the left femurs were recovered at autopsy. The soft tissues were removed and the bones were split longitudinally and fixed in I o % ethylenediaminetetraacetic acid (EDTA) at pH 7.4 (9) and divided into distal epiphyseal-metaphyseal and shaft segments. One hemiepiphysis-metaphysis was embedded in paraffin, sectioned longitudinally at 7 p, and some serial sections were stained with iron hematoxylin and phloxin. An approximation of osteoclast frequency in the metaphysis was obtained by scanning a few sections from each bone at higher power under an ocular reticule. 
In Vitro Studies
The in vitro metabolism of the cells in chips of cartilage-free rat metaphyseal bone was studied to confirm the in vivo results and provide further details about the process.
Glycine-r-Cl4 was used (specific activity = 0.66 mc/ mmole; New England Nuclear Corp.), since this tracer permitted discrimination between that fraction of molecular glycine incorporated intact into the cells and newly formed collagen and that utilized in other metabolic pathways.
Aerobic and anaerobic cellular catabolism of glycine and glucose were measured by the release of C1402 and lactate, respectively.
The distribution of calcium between the bone and the incubation medium was also measured (27) . In addition to allowing a number of metabolic variables to be measured. such an in vitro system eliminates any possible effects of differential dietary protein intake at the various clock hours.
Sixteen albino rats (Charles River strain), 55 days of age, were separated into two groups of eight animals each, following a a-weeks conditioning period. The animals had not been singly housed, and the photoperiod had been somewhat longer than in the previous experiment (light : 0600-2 I 00, darkness : 2 I 00-0600). The animals were sacrificed by decapitation at I ooo-1030 and at 0300-0330, the hours of peak and minimal activity ( Fig. 3) . At autopsy, the long bones of the hindlimbs were removed and quickly chilled in ice-cold Krebs-Ringer medium.
Cartilage-free metaphyseal bone fragments from the ends of the femurs (distal) and tibias (proximal) were obtained by the technique of Borle et al. (4) and the tissues from two animals were pooled and placed in flasks containing 3.0 ml calcium-free Krebs-Ringer medium buffered with bicarbonate at pH 7.4. The femurs and tibias were evaluated separately in view of differences noted in vivo. Glucose was present in a concentration of I I. I mM. Each flask also contained 0.6 PC glycine-r-Cl4 and 0.5 mM carrier glycine. 2 The flasks were sealed and incubated in a metabolic shaker at 37.5 C under an atmosphere of 95% 02 and 5% CO2 for 2 hr (called the "pulse" period) to permit incorporation of the isotope by surviving cells, After incubation, the incubation media and half the bone chips were removed for analysis. The remaining portion of bone was reincubated in fresh medium containing only glycine-Cl2 for an additional 4 hr (called the "chase" period) to determine the ultimate fate of the labeled glycine in the bone cells.
Analysis of incubation medium. At the end of each incubation period, the medium was immediately centrifuged and 2 Glucose, important as a substrate for the incorporation of glycine into the organic matrix of bone fragments (87), and carrier glycine were present in approximately t&e the plasma concentration renorted for rats (2). The suitability of this system, which can adequately support iiving bone tissue for a period much longer than 6 hr, has been discussed by Nichols and co-workers
(1 I, 27). The content and activity of DNA in the cell fraction (counts/min per lug DNA) were determined following hot 5 % trichloroacetic acid (TCA) extraction by the procedure of Schneider (28). Because alkali extraction destroys RNA and cellular organelles it was necessary to measure this separately.
Therefore, the second sample of bone chips was decalcified, defatted, and extracted by the hot TCA procedure to free DNA and RNA from the tissue proteins. Total RNA was determined and corrected for DNA by the method of Schneider (28), and the TCA extract was measured for the total radioactivity residing in the nucleic acid and collagen fractions. While this treatment frees DNA and RNA, it is probable that the hot TCA method also extracts some collagen as gelatin (23) 
RESULTS

In Vi00 Studies
Localization of gZycine-2-C14 in bone. The gross localization of the tracer an hour after injection is seen in a contact autoradiograph from the distal end of a femur (Fig. I) . The articular and epiphyseal cartilages (zones of proliferation and cell enlargement) appeared rather uniformly labeled except for the more intense reaction over the lateral edges of the epiphyseal cartilage where the width of the plate is increased as bone grows larger. The image over the zone of cellular hypertrophy was markedly less reactive. In addition, a narrow subarticular zone of small hot spots indicated foci of intense tracer uptake, but the hot-spot activity was greatest in the metaphysis and along the endosteum and marrow spaces of the compact bone of the shaft.
High-resolution autoradiographs (Fig. 2) indicated that the hot spots in the metaphysis represented incorporation of the tracer in osteoblasts lining the trabeculae and radioglycine was also found between the cells and the borders of the trabeculae.
Some of the material had in cell and collagen fraction of metaphyseal bone Radioglycine uptake in femurs. The retention of radioglytine in the crude formic acid extracts of the end and shaft segments of femurs at the different intervals within a n4-hr period has been recorded in Fig. 3 . A statistically significant diurnal pattern is very evident in epiphysealmetaphyseal segments (Fig. 3A) ; maximal retention occurred from 1300 to I 700, whereas minimal incorporation was observed from o I oo to 0500. No clear periodicity was recorded in the shaft segments (Fig. 3B) firmed by this study. Radioglycine was more avidly utilized by bone cells (counts/min per ,ug DNA) at IOOO than at 0300 during the initial, pulse, 2-hr incubation with labeled glycine. The differences between the bones were marked at these clock hours. Very little activity, expressed as counts per minute per milligram collagen N, was found at the end of the 2-hr pulse period in the collagen fraction. The subsequent rate of collagen formation during reincubation in nonradioactive medium for 4 hr (the chase period), measured by the loss of activity from the alkali-soluble cell fraction and the enrichment of activity in the alkali-insoluble collagen fraction, was also much greater at 1000. There was no significant difference in the activity of the cell fractions (expressed as counts/ min per ,ug DNA) at the end of this period. Only the corresponding changes observed for the tibias at 0300 were in poor agreement.
In general, collagen formation seemed to be somewhat greater in tibias than in femurs.
In Vitro Studies
Utili<ation and metabolism of glycine-A?4 by bone cells at 1000 and 0300 (Table I) Variations in cellular nitrogen occurred (I ooo > 0300, The results of the analyses to determine if the differential rates of glycine incorporation into the bone cells and collagen were reflected by changes in other aspects of bone cell metabolism, such as purine and pyrimidine synthesis from glycine and CO:! and lactate formation, are reported in Tables 3-5. DNA and RNA. There were no apparent differences between the amount or the specific activity of DNA in the cellular fractions at the two time periods (Table  3) . However, total RNA values were significantly higher at IOOO commensurate with the increase in bone protein synthesis. The specific activities of RNA (counts/min per pg) after the initial incubation periods at IOOO were not significantly different. COZ, lactate, and calcium in incubation medium. The amount of glycine-C l4 decarboxylated by metaphyseal bone cells from both femurs and tibias was constant at IOOO and 0300 after the first 2-hr incubation period (femur: 0.874 count/min CO2 per hr per lug DNA; tibia: I .242 counts/ min CO2 per hr per ,ug DNA) (37).
Lactate production (Table  4) was significantly increased at I ooo only in the tibias (22-25 %) during the pulse period. It is not clear why the difference occurred between the bones with respect to lactate production.
That the fragments of both femoral and tibia1 metaphyseal bone incubated at IOOO were also able to maintain higher concentrations of calcium between the tissue and surrounding medium than the tissue incubated at 0300 (Table 5) The in vitro study presented in this paper using cartilage-free bone has confirmed the results obtained in vivo that the functional activity of bone cells has a diurnal period. Moreover, the combination of techniques has yielded new information about the relationship between bone formation and resorption.
The high-resolution autoradiographs of radioglycine uptake in the metaphyses indicated that the tracer was deposited principally in osteoblasts lining the trabeculae an hour after injection and that some of the tracer had already been secreted by the cell as a part of newly synthesized collagen molecules. The in vitro study indicated that very little of the total activity incorporated by the bone is in the collagen fraction after 2 hr, and that most of the cellular activity is transferred to the matrix during the succeeding 4 hr. These results are consistent with findings obtained by autoradiographic (7, 39) and metabolic techniques (I I, 23) reported from other laboratories studying the fate of glycine and proline as collagen precursor substances in bone. The present observations go further and suggest that the amount of bone matrix synthesized and formed by osteoblasts is dependent on the clock hours, The functional activity of osteoblasts was maximal early in the photoperiod in vivo and in vivo period of peak osteoclast frequency is a circumstance suggesting that the metabolic and morphologic changes are indeed interrelated.
The in vitro differences between the high (1000) and low (0300) bone cell nitrogen concentrations reported in this study could be readily explained if osteoclastic resorption of metaphyseal bone were suppressed at 0300. There is some experimental evidence to support this thesis. Borle and his co-workers (5) and Vaes and Nichols (36) found lower nitrogen and lactate concentrations in the bones of rats administered estrogen, and it is well known that estrogen-treated rats fail to resorb endochondral metaphyseal trabeculae (I o, 1% 35).
One possible answer to the final question is that there is a diurnal pattern of parathyroid gland secretion. Increased parathyroid hormone secretion would presumably increase the numbers of osteoclasts and the basic rate of calcium and phosphorus removal from the skeleton (34). Parathyroid extract (PTE) will, in addition, stimulate lactate formation by bone cells. Within this context, the coincident increase at IOOO in a) the calcium and lactate concentrations of the incubation medium (tibias) in vitro and b) the increase in the osteoclast frequency in vivo observed in this study would seem to suggest that the basic level of parathyroid gland secretion is, indeed, subject to diurnal variations.
Alternative mechanisms which would influence a change in the endogenous activity of the parathyroid gland are, of course, possible. Because rats feed most actively at night, the absorption of large amounts of calcium from the gut into the circulation might tend to suppress the cellular synthesis of parathyroid hormone (24, 25) or its release from the gland. The effect of the adrenal cycle must also be considered.
Reduced collagen formation during the environmental dark period might be expected, due to the increased levels of circulating adrenal cortical hormones at this time (I 2). Moreover, Stoerk and his co-workers (33) have presented indirect experimental evidence that the blood calcium-lowering effect of cortisol (within 3 h ) d r a ministered to parathyroidectomized rats is corrected by a compensatory hyperactivity of the parathyroids in the intact animal. These results, which suggest that there is a simultaneous daily period of parathyroid and adrenal activity, are not incompatible with
